Different surface organelles contribute to specific interactions of a pathogen with host tissues or infectious partners. Multiple pilus gene clusters potentially encoding different surface structures have been identified in several gram-positive bacterial genomes sequenced to date, including actinomycetales, clostridia, corynebacteria, and streptococci. Corynebacterium diphtheriae has been shown to assemble a pilus structure, with sortase SrtA essential for the assembly of a major subunit SpaA and two minor proteins, SpaB and SpaC. We report here the characterization of a second pilus consisting of SpaD, SpaE, and SpaF, of which SpaD and SpaE form the pilus shaft and SpaF may be located at the pilus tip. The structure of the SpaDEF pilus contains no SpaABC pilins as detected by immunoelectron microscopy. Neither deletion of spaA nor sortase srtA abolishes SpaDEF pilus formation. The assembly of the SpaDEF pilus requires specific sortases located within the SpaDEF pilus gene cluster. Although either sortase SrtB or SrtC is sufficient to polymerize SpaDF, the incorporation of SpaE into the SpaD pili requires sortase SrtB. In addition, an alanine in place of the lysine of the SpaD pilin motif abrogates pilus polymerization. Thus, SpaD, SpaE, and SpaF constitute a different pilus structure that is independently assembled and morphologically distinct from the SpaABC pili and possibly other pili of C. diphtheriae.
Protruding out of the bacterial surface are proteinaceous filaments, named pili or fimbriae, which mediate bacterial attachment and colonization of host tissues (24, 31, 32, 42) . Pili are also known to interact with other bacteria in a microbiofilm (45) , are involved in the translocation of DNA across biological membranes (4, 16) , and can serve as phage receptors (6) . The structure and function of pili in gram-negative bacteria have been studied in great detail (30, 34) . In contrast, the mechanisms of pilus assembly in gram-positive bacteria are less well understood, although pili or fimbriae have been identified in several gram-positive organisms, including Actinomyces spp. (8) , Arthrobacter photogonimos (11) , Corynebacterium diphtheriae (43) , Ruminococcus albus (28) , Streptococcus parasanguis (42) , and, more recently, Streptococcus agalactiae (15) . It has been proposed that gram-positive bacterial pili are covalently linked to peptidoglycan and require sortase (18, 25, 37, 45) , a transpeptidase which is found in all gram-positive organisms (21, 26, 35) . Studies by Cisar et al. and Yeung et al. in Actinomyces revealed two fimbrial types, designated 1 and 2 (5, 46, 47) . FimP and FimA precursor proteins, which harbor the C-terminal cell wall sorting signal, assemble type 1 and 2 fimbriae, respectively, in a manner that requires the expression of sortase-like genes (44, 48, 49) . The assembly of S. parasanguis FW213 fimbriae involves the major structural subunit Fap1, which contains a C-terminal sorting signal (29, 41, 42) , suggesting the role of sortase in fimbrial biogenesis.
In C. diphtheriae (12, 20) , we found that corynebacterial pili are composed of three pilin subunits, SpaA, SpaB, and SpaC (designated the SpaABC pilus; Spa stands for "sortase-mediated pilus assembly") (38) . SpaA, the major pilus protein, seems to be distributed uniformly along the pilus shaft, while SpaB is observed at regular intervals and SpaC appears positioned at the tip (38) . The assembly of SpaABC precursors into a high-molecular-weight complex requires sortase SrtA, which functions to cleave the sorting signal of the precursors to generate covalent linkages between pilin subunits at the cleaved polypeptides and the side chain amino groups of pilin motif sequences (36, 38) . The incorporation of SpaB into polymerized SpaA fibers involves the E box element of SpaA (36) . Homologs of SpaA, SpaB, and SpaC are present in the genome of several gram-positive pathogens (35) . Recently, an operon containing three predicted surface proteins, GBS80, GBS52, and GBS104, with the C-terminal sorting signal has been identified in S. agalactiae (15) . Pilus structures were detected by electron microscopy using a specific antibody against GBS80. Based on the protein sequence similarity, we now know that GBS80, GBS52, and GBS104 are SpaA, SpaB, and SpaC homologs, respectively. Deletion of a pilus-specific sortase abolished pilus formation of GBS80 (15) , demonstrating that GBS pilus assembly is sortase dependent. As the fimbrial subunit proteins of actinomycetales, corynebacteria, and streptococci contain C-terminal sorting signals and require sortase enzymes for assembly, it is clear that a common pathway of pilus biogenesis exists in gram-positive bacteria.
The genes encoding corynebacterial pilin subunits and putative sortases are organized in three clusters (38) . Based on sequence features and clustering, C. diphtheriae strain NCTC13129 has been suggested to assemble three pilus structures, designated according to the major pilin subunit SpaA-, SpaD-, and SpaHtype pili (38) . Different types of pili presumably allow bacteria to interact with different host cell targets or with other infectious partners in their ecological niche, as in the case of the gram-positive pathogen Actinomyces naeslundii (45) (13, 14, 27) . Unlike the two Actinomyces fimbrial operons (45) , the second and third gene clusters of C. diphtheria each encode two putative sortases (38) . The presence of multiple sortases has raised questions of redundancy, requirements for subsets of surface proteins, and/or perhaps a temporal expression of sortases for their functions during bacterial growth or infections (26, 37) . Previous studies of S. aureus (23, 40) , Listeria monocytogenes (2), and Streptococcus pyogenes sortases (1) support the hypothesis that each sortase is required for a specific set of substrates. This hypothesis remains to be tested for the assembly of corynebacterial pili.
Here we describe the characterization of a second pilus gene cluster of C. diphtheria containing srtB-spaD-srtC-spaE-spaF. We show that spaD encodes major pilin protein SpaD, while spaE and spaF encode two minor proteins, SpaE and SpaF. We further show the SpaDEF pilus is morphologically distinct from SpaABC pili, and sortase SrtB is specifically required for the incorporation of SpaE into SpaDF pili, whose assembly requires either SrtB or SrtC.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. C. diphtheriae NCTC13129 was obtained from the American Type Culture Collection. C. diphtheriae strains (Table 1) were grown on heart infusion broth (HIB), heart infusion agar (HIA), or trypticase soy agar supplemented with 5% sheep blood (TSASB). Escherichia coli strains were grown on Luria broth. Kanamycin was added at 50 g/ml for C. diphtheriae and E. coli strains as needed. Reagents were purchased from Sigma unless otherwise indicated.
Generation of rabbit-raised polyclonal antibodies. Appropriately synthesized oligonucleotide primers (Table 2 ) and C. diphtheriae chromosomal DNA were used for the PCR amplification of coding sequences for surface proteins and sortases, both lacking signal peptide and sorting signal sequences. DNA fragments were cloned between appropriate sites of the expression vector pQE30 (QIAGEN), thereby generating expression signals and coding sequences for six-histidine-tagged recombinant proteins (N-terminal tag). The recombinant plasmids were transformed into E. coli XL1-Blue. DNA sequencing was used to verify the recombinant plasmids. To purify the recombinant proteins, plasmidbearing E. coli XL1-Blue cultures were induced with 1 mM isopropyl-␤-D-thiogalactopyranoside for 3 h, and cells were harvested by centrifugation. Bacteria were broken in a French pressure cell, and membranes as well as insoluble proteins were sedimented by ultracentrifugation. The supernatant, containing cleared lysate, was subjected to affinity chromatography on nickel-nitrilotriacetic acid Sepharose, washed twice with wash buffer (150 mM NaCl, 10% glycerol, and 50 mM Tris-HCl, pH 7.5), and eluted with 0.5 M imidazole in wash buffer. Eluted protein was dialyzed against the same buffer without imidazole for 16 h. To generate antibodies, each rabbit was immunized with 1 mg of each protein mixed in Freund's complete adjuvant, followed by two booster injections after 3 weeks, each with 1 mg of protein mixed in Freund's incomplete adjuvant. Three weeks after the third injection, the animal were euthanized and exsanguinated by cardiac puncture. The specificity of each antibody was determined by immunoblotting against purified antigen as well as crude corynebacterial cell extracts prepared from wild-type and mutant strains.
Generation of C. diphtheriae deletion mutants. C. diphtheriae deletion mutants were generated by homologous recombination and verified by PCR and Western and Southern blotting techniques as previously described (38) . Briefly, gene deletions were constructed by crossover PCR (19) and cloned between appropriate restriction sites of pK18mobsacB, and recombinant plasmids were transformed into E. coli S17-1 (7). For crossover PCR, two primers primer sets were generated. For example, to generate a deletion of spaD, we synthesized SpaD-A, SpaD-B, SpaD-C, and SpaD-D (Table 2) . SpaD-A and SpaD-B as well as SpaD-C and SpaD-D were used to amplify two 1-kb fragments, which were then used as templates for another PCR amplification with primers A and D. As the tail ends of primers SpaD-B and SpaD-C anneal to one another, a 2-kb fused PCR product was obtained and digested overnight with BamHI, and the restricted DNA was purified after agarose gel electrophoresis. The fragment was cloned into the BamHI site of pK18mobsacB, and recombinant plasmids were purified, characterized, and transformed into E. coli DH5␣ (9) . The transformants were again subjected to plasmid purification and finally transformed into E. coli S17-1 (7). Overnight cultures of E. coli S17-1 and C. diphtheriae were mixed in equal volumes and spread on agar plates at 30°C for 16 h. Corynebacterial cointegrates were isolated by plating conjugal bacteria on HIA plates supplemented with 35 g ml Ϫ1 nalidixic acid and 50 g ml Ϫ1 kanamycin. C. diphtheriae deletion mutants were selected by plating cointegrates on HIA plates supplemented with 10% sucrose and 35 g ml Ϫ1 nalidixic acid. For complementation analysis, DNA fragments containing promoter regions and open reading frames of interest were cloned into pCGL0243, and the recombinant plasmids were electroporated into C. diphtheriae.
Plasmid construction. (i) Plasmid pSpaD. Two primers were synthesized and used in a PCR amplification with chromosomal template DNA of C. diphtheriae strain NCTC13129 to amplify a DNA segment encompassing the spaD promoter, 5Ј untranslated region (UTR), and spaD coding sequence with SpaD-5Ј and SpaD-3Ј, each of which contained a HindIII site for cloning purposes ( Table 2 ). The PCR-amplified DNA fragment was cut with HindIII and ligated with the cleaved HindIII sites of the E. coli/Corynebacterium shuttle vector pCGL0243 (38) to generate pSpaD.
(ii) Plasmid pSrtB. A DNA segment encompassing the srtB promoter, UTR, and srtB coding sequence was amplified using two primers (Table 2) , SrtB-5Ј and SrtB-3Ј, providing the amplified corynebacterial DNA segment with flanking (Table 2) . SrtC-1 and SrtC-2 amplified the 5Ј promoter sequence and UTR of spaD while providing the amplified corynebacterial DNA segment with flanking BamHI and KpnI sites for cloning purposes. SrtC-3 and SrtC-4 amplified from chromosomal DNA of C. diphtheriae NTCT13129 the coding region of srtC while appending the KpnI and PstI sites. The two PCR fragments were fused via the central KpnI site while inserting the recombinant gene into the BamHI and KpnI sites of the E. coli/Corynebacterium shuttle vector pCGL0243.
Site-directed mutagenesis of recombinant plasmids. A PCR-based site-directed mutagenesis of double-stranded DNA was employed in this study (39) . Plasmid DNA was used as a template for PCR amplification with Pfu DNA polymerase using primer sets (5Ј and 3Ј) flanking six codons on both sides of the mutation K107. Following PCR, the amplified plasmids were digested overnight at 37°C with DpnI to select against parental DNA molecules. The digested plasmids were transformed into E. coli. Mutant plasmids were verified by DNA sequencing and transformed into C. diphtheriae by electroporation following a published protocol (10) , with an exception that all corynebacterial strains were grown in HIB medium supplemented with 0.2% Tween-80.
Extraction of C. diphtheriae pili. Extractions of C. diphtheriae pili were carried out as previously described (38) . Briefly, C. diphtheriae strains were scraped from TSASB plates after overnight growth and washed in SMM buffer (0.5 M sucrose, 10 mM MgCl 2 , and 10 mM maleate, pH 6.8). Cell pellets were suspended in the same buffer, treated with mutanolysin (300 U ml Ϫ1 ) at 37°C for 6 h, or left untreated (mock). An equal amount of bacterial sediment was suspended in 70% formic acid and incubated at 65°C for 30 min. Solubilized pili were isolated from the supernatant after centrifugation at 16,000 ϫ g, followed by trichloroacetic acid precipitation, acetone washing, and drying protein samples under vacuum. Pilus preparations were boiled in sodium dodecyl sulfate (SDS) sample buffer, separated by SDS-polyacrylamide gel electrophoresis (PAGE), subjected to immunoblotting with rabbit antisera (1:20,000 for ␣-SpaD, 1:5,000 for ␣-SpaE, and 1:1,000 for ␣-SpaF), and detected with chemiluminescence.
Electron microscopy and immunogold labeling. Electron microscopic experiments were carried out as previously described (38) . Briefly, bacterial strains were grown overnight on agar plates (TSBSB), washed in 0.1 M NaCl, and stained with 1% uranyl acetate. For immunogold labeling, a drop of bacterial suspension was placed on carbon grids, washed three times with phosphate-buffered saline (PBS) containing 2% bovine serum albumin (BSA), and blocked for 1 h in PBS with 0.1% gelatin. Pili were stained with primary antibody diluted 1:100 in PBS with 2% BSA for 1 h, followed by washing and blocking. Pili were stained with gold goat anti-rabbit immunoglobulin G (IgG) (Jackson ImmunoResearch) diluted 1:20 in PBS with 2% BSA for 1 h followed by washing in PBS with 2% BSA. The grids were washed five times with water before staining with 1% uranyl acetate. Samples were viewed in a Jeol 100CX electron microscope.
RESULTS
Characterization of a second pilus in Corynebacterium diphtheriae. To investigate whether the spaD cluster encoded a pilus structure, we cloned each gene into an expression vector, pQE30 (QIAGEN). The proteins SpaD, SpaE, SpaF, SrtB, and SrtC were each expressed in E. coli XL1-Blue, purified, and injected into rabbits to raise specific antisera according to a published protocol (38) . To determine whether spaD encoded a pilus protein, we examined corynebacteria by immunoelectron microscopy (IEM) using a specific antibody raised against purified SpaD as well as gold particles conjugated with IgG. When cells were reacted with ␣-SpaD and gold-labeled IgG, we observed immunogold labeling of stubby fibers external to the cell body (Fig. 1A, filled arrows) . Control rabbit sera did not result in labeling of pilus fibers (data not shown). Moreover, no SpaD-labeled structures were observed in the isogenic strain of C. diphtheriae HT14 (⌬spaD) which lacks the spaD gene (Fig. 1B) . Complementation of the ⌬spaD mutant HT14 with wild-type spaD on a multicopy plasmid not only restored the SpaD-positive pilus but led to the formation of extended fibers (Fig. 1C) , similar to the extended pilus phenotype previously observed with overproduced SpaA (38) . Thus, overexpression of major subunits (SpaD and SpaA) allows us to easily observe longer pili than ones that are expressed from the chromosome. When cells with overproduced SpaD were stained with ␣-SpaE and gold-labeled IgG, we observed SpaE staining at intervals along the pilus shaft (Fig. 1D) , a similar phenotype that has been reported with SpaB (38) .
To determine if SpaD, SpaE, and SpaF are constituents of the same pilus structure, we carried out a double-labeling experiment (38) . Cells were stained with ␣-SpaD followed by 6-nm gold-labeled IgG and then with ␣-SpaE followed by 12-nm gold-labeled IgG. SpaE staining occurred along the SpaD pilus structures (open arrows), suggestive of SpaD and SpaE forming the pilus shaft (Fig. 1E) . A similar experiment was performed with ␣-SpaD and ␣-SpaF. No immunogold labeling of SpaF was observed along the SpaD fibers, but few labeled SpaF pilins were spotted at the end of the pili (Fig. 1F,  arrows) . In addition, we also present evidence below which shows that SpaF is indeed a pilus subunit (see Fig. 4D and 5D ). Together the data indicate that SpaD and SpaE constitute the pilus shaft and SpaF may be positioned at the pilus tip, as in the case of SpaC (38) .
SpaDEF pilus is morphologically distinct from other corynebacterial pili. As previously mentioned, C. diphtheriae may encode three types of pili with SpaA, SpaD, and SpaH as major subunits. To examine if the formation of SpaD pili was independent of SpaA and SpaH pilus organelles (unpublished data), we introduced into the ⌬spaA mutant HT11 or the ⌬spaH mutant HT22 the wild-type spaD gene on a multicopy plasmid and observed the pilus formation using IEM. Deletion of spaA or spaH did not abrogate SpaD pilus structures ( Fig. 2A and B ). An identical phenotype was observed when srtA was deleted from the wild-type chromosome (data not shown). To differentiate two types of pili, the plasmid pSpaA was introduced into the wild-type corynebacterial strain NCTC13129. As a result, extended filaments of SpaA were observed by IEM using ␣-SpaA (Fig. 2C) . Conversely, distinct, shorter SpaD pili were detected using ␣-SpaD, whereas unstained SpaA pili were visible (Fig. 2D, open arrows) . We next confirmed that these SpaA and SpaD structures are different through double-labeling experiments. We observed two separate pilus types, extended SpaA pili labeled with 12-nm gold particles and shorter SpaD pili labeled with 18-nm gold particles (Fig. 2E) . Likewise, when SpaD was overexpressed with the pSpaD plasmid, two different pili were detected using IEM with ␣-SpaA and ␣-SpaD in the wild-type strain (Fig. 2F to H) , long pili labeled by ␣-SpaD (filled arrows) in this case. In addition, no labeled SpaA, SpaB, or SpaC was detected along the SpaD fibers using ␣-SpaA, ␣-SpaB, or ␣-SpaC, respectively (Fig. 2G and data not shown) .
To further test our proposal that SpaD pilus is independently expressed and assembled, we examined the assembly of pili with a previously developed assay (38) , whereby corynebacterial proteins isolated by boiling cell extracts in SDS sample buffer with reducing agent are separated via electrophoresis in polyacrylamide gels and then subjected to immunoblotting with rabbit antisera and detected with chemiluminescence (38).
Boiling corynebacterial extracts in SDS released very little SpaD (lanes "Ϫ" in Fig. 3A) . However, muramidase and formic acid treatment solubilized pili of strain NCTC13129, and SpaD species were identified by immunoblotting with ␣-SpaD (Fig. 3A) . Immunoreactive high-molecular-weight SpaD (SpaD HMW ) was detected within the SDS-PAGE stack with a mass greater than 200 kDa. Muramidase-released SpaD HMW migrated as discrete species on SDS-PAGE, whereas formic acid extraction solubilized SpaD HMW as a smear of immunoreactive material (Fig. 3A) . These observations are consistent with the hypothesis that pili are composed of covalently linked (SDS, formic acid resistant) pilin subunits, some of which may be attached to cell wall fragments (38) . Deletion of spaD (strain HT14) abolished the polymerization of SpaD precursors as expected (Fig. 3A) ; the spaD deletion also abolished the polymerization of SpaE and SpaF (see Fig. 5C and D) . Introduction of wild-type SpaD into the strain HT14 via an expression plasmid not only restored the synthesis and assembly of SpaDEF pili ( Fig. 3A ; see also Fig. 5C and D) but also led to the formation of extended fibers (Fig. 1C) . Deletion of spaF, spaA, spaB, or spaC did not affect the polymerization of SpaD precursor proteins (Fig. 3A) . Conversely, the formation of SpaABC pili was independent of SpaD pilus synthesis and assembly, as deletion of spaD did not abolish SpaABC pili (Fig.  3B to D) . Together these data demonstrate that SpaDEF pilus is morphologically distinct from other corynebacterial pili.
A specific sortase is required for the formation of SpaDEF pilus. C. diphtheriae strain NCTC13129 has six sortase genes: srtA, srtB, srtC, srtD, srtE, and srtF (38) . To investigate which of these sortases is involved in the assembly of SpaD pilus, we analyzed strain HT21 that contains a deletion of six sortase genes (srtA, srtB, srtC, srtD, srtE, and srtF) as well as strains lacking individual sortase genes (38) . The polymerization of pili was examined by SDS-PAGE as described above. Surprisingly, individual deletion of neither srtA, srtB, srtC, srtD, srtE, nor srtF abolished SpaD pilus assembly and the production of SpaD HMW (Fig. 4B  and data not shown) . Nevertheless, deletion of six sortase genes in strain HT21 abolished the polymerization of SpaD precursor into high-molecular-weight species; only the SpaD precursor was observed migrating as a 64-kDa protein (data not shown). This phenotype for SpaD is similar to that observed for SpaA in strain HT21 (38) , and it demonstrates that the polymerization of SpaD pilins requires a sortase.
Two sortases (SrtB and SrtC) are encoded by genes within the SpaD pilus gene cluster, and they are divergently transcribed (Fig. 4A) . To examine whether these two sortases are required for SpaD pilus assembly, we generated strain HT17 that lacks sortases SrtB and SrtC using allelic replacement (38) . In this strain, SpaD synthesis is not affected, but the polymerization of SpaD into high-molecular-weight species is abolished (Fig. 4B) . Transformation of strain HT17 with a plasmid carrying srtB or srtC restored the polymerization of SpaD to a level similar to that of the strain that lacks either srtB or srtC, although less SpaD was detected in the muramidase treated sample (lane "M"). More SpaD polymerization in the muramidase-treated sample could be readily detected if the blot was exposed for longer times (Fig. 4B) . Identical results were obtained for SpaF, demonstrating that the assembly of SpaF into high-molecular-weight SpaF HMW complexes required the presence of either the srtB or srtC gene but not srtA, srtD, srtE, and srtF (Fig. 4D) .
Immunoblotting of corynebacterial extracts with ␣-SpaE revealed the incorporation of SpaE into high-molecular-weight complexes (SpaE HMW ) that could be solubilized by muramidase (Fig. 4C) . Surprisingly, treatment with formic acid released fewer SpaE HMW species than treatment with muramidase; its precursor SpaE P was mainly observed migrating around 26 kDa. Deletion of sortase srtB alone (strain HT6) or both srtB and srtC (strain HT17) abrogated SpaE incorporation into SpaD pili (Fig. 4C) . A similar phenotype was observed in the strain that lacked spaD (see Fig. 5C ). Strain HT6 (⌬srtB) or HT17 (⌬srtBC) containing the srtB plasmid restored SpaE inclusion (Fig. 4C) . Together these results demonstrate that either SrtB or SrtC is sufficient for the polymerization of SpaD and SpaF, while SrtB is specifically required for the incorporation of SpaE into SpaD pili. The fact that sortases SrtA, SrtD, SrtE, and SrtF are dispensable for the formation of SpaDEF pilus indicates the involvement of a pilus-specific sortase in the assembly of specific pili.
Requirement of the pilin motif for SpaD pilus polymerization. Previous work identified the pilin motif, a sequence element with a conserved lysine residue (K) that is conserved between the homologs of C. diphtheriae SpaA (38 and Fig. 5A ). We suspected that the conserved lysine residue of SpaD might also be required for pilin polymerization, as this lysine's amino group could participate in sortase-catalyzed amide bond formation. Indeed, replacement of lysine K107 with alanine (A) abrogated polymerization of SpaD HMW (Fig. 5B) . In addition, no high-molecular-weight species containing SpaE and SpaF was observed in this strain ( Fig. 5C and D) . Thus, the pilin motif sequence (with its conserved lysine) is required for the polymerization of SpaD precursor and in turn the incorporation of SpaE and SpaF into SpaD pili.
DISCUSSION
In this study we have characterized a second pilus in C. diphtheriae encoded by a gene cluster separate from the SpaABC pilus. Consistent with the molecular structure of corynebacterial SpaABC pilus (38) , the SpaDEF pilus is composed of SpaD, SpaE, and SpaF, with SpaD and SpaE forming the pilus shaft and SpaF presumably located at the tip. Similar to factors required for the formation of SpaABC pili, the pilin motif and sortases are necessary for the SpaDEF pilus assembly; the incorporation of SpaE into SpaD pili specifically requires sortase SrtB, while either SrtB or SrtC is competent for the assembly of SpaDF pili. Because SrtB and SrtC are divergently transcribed and either can function to catalyze the SpaD pilus formation (Fig. 4) , it is conceivable that their expression may be regulated, as is the case of S. aureus SrtB, a sortase responsible for the cell wall anchoring of receptive machinery for the acquisition of iron (22) . If this were the case, there might be a condition whereby sortase SrtB would not be expressed; consequently, the resulting pili would not contain SpaE. Interestingly, unlike SpaB of the SpaABC pilus (36) , SpaE pilins are released from the polymeric assembly by formic acid treatment (Fig. 4C and 5C ), suggesting that the linkage between SpaD and SpaE may be different than that between SpaA and SpaB (36) . In fact, the E box mutations of E334 of SpaD do not eliminate SpaE inclusion into SpaD pili (data not shown). Current experiments are examining this linkage.
BLAST homology searches revealed homologs of corynebacterial SpaA, SpaB, and SpaC or SpaD, SpaE, and SpaF (i.e., precursors harboring pilin motifs [ Fig. 5A ] and sorting signals) in A. naeslundii, Clostridium perfringens, Enterococcus faecalis, Streptococcus agalactiae, and Streptococcus pneumoniae (38) . Importantly, the lysine within the pilin motif is a conserved feature of all analogs of SpaD; a plasmid containing SpaD with Lys 107 replaced by alanine did not restore the pilus formation by SpaDEF in a strain that lacks SpaD (Fig. 5) . A comparative analysis of these major subunits revealed a strong similarity between Actinomyces FimA/FimP and Corynebacterium SpaA/SpaD/SpaH, especially between FimA and SpaH (or FimP and SpaD; data not shown). Interestingly, FimA, when expressed under control of the spaA promoter, is polymerized in C. diphtheriae, a process that requires the pilin motif and sortase SrtD presumably catalyzing the formation of SpaH pili (36) . Likewise, one would predict the SpaD precursors, when expressed in A. naeslundii, could be polymerized by FIG. 3 . SpaD pilins are independently synthesized and assembled. C. diphtheriae strain NCTC12139 or its isogenic derivatives carrying deletion of spa genes were treated with muramidase (M) or formic acid (F) or were left untreated (Ϫ) prior to extraction with hot SDS sample buffer. Proteins were separated on SDS-PAGE and detected by immunoblotting with the specific antisera ␣-SpaD (A), ␣-SpaA (B), ␣-SpaB (C), and ␣-SpaC (D). The precursor (e.g., Spa P ) and highmolecular-weight mature products (e.g., Spa HMW ) of pilus assembly, the position of molecular mass markers, and the stacking gel portion of SDS-PAGE (stack) are indicated. wt, wild type. Actinomyces sortase SrtB (or OrfB [18] ). Genomic analysis of the C. diphtheriae strain NCTC13129 offers an explanation for the observed phenomenon, which is that the corynebacterial and actinomyces pilus gene clusters might have originated from the same ancestor (3).
Two or more pilus gene clusters are identified in each genome of several gram-positive pathogens sequenced to date, including A. naeslundii (45) , C. diphtheriae (38) , Corynebacterium efficiens, C. perfringens (data not shown), and S. agalactiae (15) . Pilus gene clustering may be a result of horizontal gene transfer, whereby selective traits are beneficial to respective hosts (17) . Like A. naeslundii, C. diphtheriae harbors multiple pilus gene clusters that may confer on the bacterium its ability to interact with multiple host cell receptors. Two pilus gene clusters are also found in its relative, C. efficiens (data not shown), a nonpathogenic bacterium isolated from soil, suggesting that the acquisition of gene clusters encoding adhesive organelles is not limited to bacterial pathogens. As genome sequencing continues, we expect to find more such clusters as recently reported for Corynebacterium jeikeium, a causative agent of many nosocomial infections (33) . Common denominators for the assembly of proteinacious pili found in these organisms are sortase and the major pilus subunit, SpaD or SpaA homologs, whose conserved elements, the pilin motif and sorting signal, are structurally unique (37, 38) . A specific sortase recognizes its own pilin substrate for the polymerization of each of the different pilus types (Fig. 6) . However, what governs the specificity of each sortase to its substrate still remains to be answered. 
FIG. 6. Model representation of two different types of pili in
Corynebacterium diphtheriae. Shown are two pilus gene clusters in the chromosome of C. diphtheriae (omitted is the third one). Precursor pilin proteins are synthesized in the cytoplasm, transported across the membrane by the Sec machinery, and recognized, polymerized, and anchored by a specific sortase. Sortase SrtA is required for the formation of SpaABC pilus, whereas sortases SrtB and SrtC are specific for the SpaDEF pilus. Pilin proteins are color coded to represent a morphological distinction.
